In the absence of added template, the DNA polymerase of the feline sarcoma virus particle appeared to exhibit two-phase kinetics--a rapid reaction for about 4 rain., followed by a slower reaction. Equilibrium sedimentation in Cs2SO4 density gradients showed the formation of RNA-DNA complexes within ~ 2 see., followed by the formation of DNA free of an RNA template. Virtually all of the DNA product formed at 4 rain. and later was free of RNA template. About half of the 6o min. DNA product was double-stranded, since it was resistant to digestion by exonuclease I and eluted from hydroxyapatite columns at the salt concentration characteristic for duplex DNA. After denaturation, the 15, 3o and 6o rain. DNA product sedimented at 6s and formed a broad band in CsC1 gradients with an average buoyant density of about 1.725. Calf thymus DNA stimulated DNA polymerase activity of detergent-treated virus particle about I o-to 2o-fold, indicating the presence of DNA-dependent as well as RNA-dependent DNA polymerase activity within the virus particle.
INTRODUCTION
The virus particles of several leukaemia and sarcoma viruses contain DNA polymerase activity which utilizes virus RNA as template (Temin & Mizutani, 297o; Baltimore, I97O; Spiegelman et aI. 297oa; Green et al. I97O; Hatanaka, Huebner & Gilden, 2970; Rokutandaetal. ~97o; Fujinaga et al. I97o; Garapin et al. ~97o; Scolnick, Aaronson & Todaro, I97O ) , and synthesizes DNA sequences complementary to those of virus RNA (Spiegelman et ak 1970 a; Rokutanda et al. 197o) . Altogether, I o RNA tumour viruses have been reported to possess endogenous DNA polymerase activity, including murine leukaemia virus (MLV), murine sarcoma virus (MSV), Rous sarcoma virus (RSV), Rous associated virus, mammary tumour virus (MTV), avian myeloblastosis virus (AMV), feline leukaemia virus (FLV), feline sarcoma virus (FSV), a hamster leukaemia virus, and the viper C-type particle. In addition to RNA-dependent DNA polymerase activity, AMV, RSV, MLV, and MTV possess DNA-dependent DNA polymerase activity (Spiegelman et al. I97ob; Mizutani, Boeltiger & Temin, 197o; Fujinaga et al. 197o ) demonstrated by the stimulated incorporation of deoxynucleotide triphosphates into an acid-insoluble form in the presence of added template DNA. In most instances only fragmentary information is available on the kinetics of DNA synthesis, the reaction intermediates, and the properties of the DNA product. MSV polymerase synthesizes DNA with linear kinetics for at least 9 ° min., and the major product is an RNA-DNA complex (Rokutanda et al. 197o ) while under similar conditions AMV polymerase appeared to exhibit two-phase kinetics involving the initial formation of an RNA-DNA hybrid and the rapid synthesis of free DNA (Fujinaga et at. 197o) . In order to compare in detail the virus enzyme activities from three widely different species, we have studied the DNA polymerase activities of FSV under the same conditions as reported with AMV and MSV.
METHODS
Virus. Purified feline sarcoma virus (GARDNER) was obtained from Electro-Nucleonics Laboratories (Lot 6-II-77). Virus was grown in an established feline sarcoma cell line (Gardner et al. 197o ) and purified from the medium by two equilibrium centrifugations in sucrose density gradients (Green et al. 197o ) . Purified virus was dialysed against o.oi i-tris + HC1 buffer, pH 8"1 for 3 hr before use.
DNA polymerase assay. The reaction mixture (IOO#1.) contained 40 mi-tris+HCI, pH 8.1, 5 mM-dithiothreitol, 2"5 mM-MgC12, o.I mM dATP, dGTP, and dCTP, IO/tC of [3H]dTTP (II'4 c/m-mole, New England Nuclear Corporation), 1"7 or 3"4 #g. of virus protein, and o.oi or o.02% NP-4o (Shell Oil Co) (Green et al. 197o) . After incubation at 37 °, 15o/zl. of cold I N-perchloric acid (PCA) was added to stop the reaction and IOO/zl. of calf thymus DNA (I mg./ml.) was added as carrier. After IO min. in ice, 3oo/zl. of cold water was added and the tube mixed and centrifuged at 8oo g for 5 min. The precipitate was dissolved in lOO/zl, of o.2 N-NaOH and re-precipitated with perchloric acid and centrifuged as described above. The pellet which contains the alkali-stable, acid-insoluble DNA product was dissolved in IOO#1. o.2 N-NaOH; 2ml. cold o.6 N-trichloroacetic acid (TCA) were added, and after IO min. in ice the precipitate was collected on a membrane filter, washed with 0.6 M-TCA, dried, and counted in a scintillation spectrometer.
Isolation and purification of the DNA product. The enzyme reaction described above was scaled up from o.I ml. to 0"5 to I5 ml. The reaction was stopped by the addition ofo.1 vol. of o-1 M-EDTA and the DNA product was purified by the sodium dodecyl sulphate (SDS)-phenol method (Rokutanda et al. 1970) .
Equilibrium sedimentation in Cs2S04 density gradients. A solution was prepared in a final volume of 3"I ml. in 2 × SSC (SSC = o-15 M-NaCl+o.o15 M-Na citrate) containing purified [3H]DNA product and 25 #g. ofunlabelled KB cell RNA and adenovirus type 7 [32P]DNA as markers. After dissolving 2.60 g of Cs2SO~ (Harshaw Chemical Co), the solution was placed in a nitrocellulose centrifuge tube, filled with paraffin oil and centrifuged at z5 ° for 46 hr at 34,0o0 rev./min, in the Spinco SW5o.I rotor. Fractions (about 0"38 ml.) were collected and the extinction at 260 nm. and the refractive index were measured. The acidinsoluble radioactivity was determined by the addition of I oo/zg, carrier calf thymus DNA, precipitation with 0.6 M-TCA, collection on membrane filters and counting in a scintillation spectrometer. Adenovirus [*~P]DNA used as marker was prepared from infected cells exposed to I #c/ml. of carrier-free inorganic [32P/phosphate in phosphate-free medium from 6 to 4o hr after infection (Lacy & Green, I964) .
Equilibrium sedimentation in CsCl density gradients. The [3H]DNA product in the reaction mixture was denatured by the addition of o-1 vol. of 2 N-NaOH, incubation for 2o rain. at 8o °, and neutralization with o. 1 vol. of 3 ~-NaH~PO4. Adenovirus type 7 [32P]DNA marker was added, the volume adjusted to 3"4 ml. with o.o I M-tris + HC1, pH 8" 1, and 4"4 g. of CsC1 was dissolved. The solution was placed in a polypropylene centrifuge tube, filled with paraffin oil, and centrifuged for 74 hr at 43,ooo rev./min, at 25 ° in the Spinco Ti5o angle rotor.
Fractions were collected and acid-insoluble, alkali-stable radioactivity determined as described under 'DNA polymerase assay' (Green et al. I97o) .
Zone sedimentation in alkaline sucrose density gradients. Two hundred #1. of unpurified DNA product were denatured in 0.2 N-NaOH for 20 min. at 8o °, 3 #1. of adenovirus type 2 (labelled with [14C]thymidine) were added to provide a denatured DNA marker, and the solution was layered on to I I-3 ml. of a 5 to 2o % linear sucrose gradient containing o'3 N-NaOH, o'7 M-NaC1 and o.ooI M-EDTA. Tubes were centrifuged at 36,ooo rev./min, for 9 hr. at 4 ° in the Spinco SW4I rotor. Fractions were collected and acid-insoluble, alkali-stable radioactivity determined as described under 'DNA polymerase assay' (Green et al. 197o ). Adenovirus containing 14C-labelled DNA was prepared from infected cells exposed to [a4C]-thymidine (o.o2 #c/ml., 43"7 mc/m-mole) from 6 to 4o hr after infection (Green & Pifia, 1964) .
Hydroxyapatite chromatography of DNA. The purified DNA product was analysed by column chromatography on Bio-gel HTP hydroxyapatite (Bio-Rad Laboratories, Richmond, California) as described by Kohne & Britten (197o) . o.8 g. hydroxyapatite in 8 ml. of o. 12 Mphosphate buffer, pH 6"7, was loaded on to a t x 2o Beckman water-jacketed chromatographic column maintained at 6o °. After washing the column with 2o ml. of o.I 2 M-phosphate buffer the sample in 4 ml. of o.I2 M-phosphate buffer, o'4 ~ SDS was loaded on the column and single-stranded DNA was eluted with three 4 ml. portions of o. ~2 M-phosphate buffer, o'4 % SDS. Duplex DNA was eluted with four 4 ml. portions of o'4o M-phosphate buffer. The acid-insoluble radioactivity of each fraction was determined as described under 'equilibrium sedimentation in Cs2SO 4 density gradients'.
Treatment of DNA with exonuclease L Exonuclease I, kindly provided by Dr I. Lehman, (Department of Biochemistry, Stanford University) was used to determine the amount of single-stranded DNA in the polymerase product. The purified DNA product was treated before or after alkali denaturation and neutralization with I o units of exonuclease I for 4 ° rain. at 37 ° in IOO #1. containing o'o67 M-glycine+NaOH buffer, pH 9"5, 6"7 mM-MgCI~, I-o mM-~-mercaptoethanol. Acid-insoluble radioactivity was determined as described under 'equilibrium sedimentation in Cs~SO~ density gradients'.
RESULTS

Reaction kinetics of detergent-activated FSV DNA polymerase
Treatment of feline sarcoma virus with a non-ionic detergent was necessary to demonstrate DNA polymerase activity (Table 0. 
DNA-dependent polymerase activity of FSV
The addition of ~o #g. of native calf thymus DNA to detergent-treated FSV stimulated the incorporation of [3H]dTTP into acid-insoluble, alkali-stable molecules. (Table z) . No appreciable stimulation was observed unless the virus particle was treated with NP-4o, indicating that DNA-dependent DNA polymerase activity is present within the FSV particle. ._= E g 8 The relative proportion of single-and double-stranded DNA molecules in the 60 rain.
[aH]DNA product was examined by hydroxyapatite column chromatography (no appreciable RNA-DNA complex is present at 6o min., see Fig. 2 ). Previous studies with virus and cell * The purified DNA product was treated with exonuclease I as described in Methods. 1" DNA was treated with 0.2 N-NaOH at 8o ° for 20 min. and neutralized before the treatment with exonuclease I. (Table 3) . The results with native and denatured adenovirus DNA, documented in (Fig. 4) .
Zone sedimentation in alkaline sucrose density gradients were performed to determine the size of the denatured 15, 30, and 60 min. FSV [aH]DNA product. Sedimentation coefficients of 5"7 to 6. 5 were calculated based on the 34s adenovirus [14C]DNA marker (Fig. 5) . These values correspond to molecular weights of about I5o,ooo. 
DISCUSSION
The feline sarcoma virus DNA polymerase reaction requires treatment with detergent and thus resembles the enzyme of RSV (Temin & Mizutani, 197o; Garapin et aL t97o) , AMV (Fujinaga et al. I97O; Garapin et al. I97O) , MSV (Green et al. I97O), viper, FSV (Hatanaka et al. I97o ) and MSV (Scolnick et al. 197o) . The reports that MLV (Baltimore, I97o; Spiegelman et al. I97oa) , AMV, and FLY (Spiegelman et al. I97ob) are active without detergent treatment probably reflects the disruption of the virus particle during isolation or storage. To what extent the properties of the DNA polymerase and products of such disrupted virus particles are due to the degraded state of the virus particle, enzyme, or template is uncertain.
The FSV DNA polymerase reaction appears to be biphasic. Virus RNA-DNA complexes were detected within I2 sec. and free DNA is the major product at 4 rain. ; it is suggested that the kinetics are a reflexion of the rapid formation of RNA-DNA hybrid and the subsequent slower formation of free DNA. A similar time course of appearance of intermediates and product was found with the AMV polymerase (Fujinaga et al. I97o ). In contrast, the MSV (MOLONEY) polymerase forms mainly RNA-DNA complexes at 6o rain. (Rokutanda et al. I97O ) . Similar studies on the kinetics of synthesis of DNA intermediates at early times have not been reported in detail for other RNA tumour viruses.
Of interest is the small size of the DNA product. The ~5, 3 o, and 6o rain. FSV DNA products after denaturation in alkali sediment at 6s, similar to the 6 to 7s products of MSV (Rokutanda et al. I97O) and AMV (Fujinaga et al. I97O) . The formation of short DNA fragments may be a consequence of the mechanism of DNA replication which may involve the recognition by the DNA polymerase of multiple initiation and termination signals on the virus RNA genome. No DNA molecules larger than about 7s have yet been reported among the polymerase products of any of the RNA tumour viruses. Yet the RSV DNA product contains base sequences from nearly all of the virus genome (P. H. Duesberg, personal communication) and we find that at least 85 % of the MSV (MOLOYE¥) genome is copied to DNA, i.e. we have annealed o'oo5 #g. of MSV [8~P]RNA with increasing amounts of the [~H]DNA product of the MSV RNA-dependent DNA polymerase and have found that 85 % of the RNA is converted into an RNase-resistant form. If these short DNA pieces are assembled within the cell, other factors such as cellular ligases or virus-induced enzymes may be required.
The average buoyant density of the FSV DNA product formed at different times after denaturation was 1.725, similar to that of AMV (~.720 and MSV (I.735). The DNA products form broad bands in CsC1 density gradients reflecting their small size and probably also their heterogeneity in base composition, since DNA pieces are copied from different portions of the virus genome.
Both double-and single-stranded DNA molecules are present in the FSV DNA product as has been reported also for the AMV DNA product (Fujinaga et al. ~97o ). However, RSV polymerase was reported to synthesize only double-stranded DNA molecules (Garapin et al. I97o ) . Whether single-stranded DNA is a true intermediate or a result of nuclease action on the RNA-DNA hybrid remains to be established. Another curious phenomenon is that about a third of the AMV DNA product remains duplex after denaturation (Fujinaga et al. 197o) , suggesting the formation of a hairpin structure. Yet FSV polymerase under similar conditions, as reported here, does not form a non-denaturable structure.
